differences in expression of rbcLS genes in different free-living cyanobacteria.
The Azolla-Anabaena symbiosis is an association between the eukaryotic water fern Azolla sp., nitrogen-fixing cyanobacteria (tentatively identified as Anabaena spp.), and eubacteria (1) . The association is of agricultural importance due to its ability to serve as a biofertilizer, fodder, and weed suppressor (13) . In this association, symbionts reside within specialized structures called leaf cavities, where exchange of nutrients takes place between the partners. The fern supplies a carbon source to the cyanobionts, which fix enough atmospheric nitrogen to satisfy the nitrogen requirements of both symbiotic partners. Nitrogen fixation in symbiotic and free-living Anabaena spp. occurs in specialized cells called heterocysts (17, 18, 28) . Reduced carbon compounds are produced in vegetative cells by photosynthesis and transferred to heterocysts. Ribulose-1,5-bisphosphate carboxylase (RuBisCO) catalyzes the incorporation of CO2 into carbohydrate in plant and algal chloroplasts as well as in photosynthetic prokaryotes. In the symbiosis, CO2 fixed via the Calvin cycle by both Azolla and Anabaena vegetative cells is transferred to the heterocysts (21) . The mutual dependence of heterocysts and vegetative cells is well documented (7) .
In earlier studies, cloned genes from the free-living cyanobacterium Anabaena strain 7120 have been used to determine transcript levels of corresponding genes in freshly isolated cyanobionts of Azolla caroliniana (15) . RuBisCO transcripts were determined to be fivefold less abundant in the cyanobionts (15) than in the free-living Anabaena sp. The endosymbiont also had reduced C02-fixing activity (16) . To further study the regulation of RuBisCO expression in symbiotic Anabaena spp., we developed a method of in situ hybridization to localize transcripts within cyanobacterial cells. We believe that this is the first report of in situ detection of natural populations of mRNA within cyanobacterial or other prokaryotic cells. Moreover, the in situ hybridization technique described below has the potential to facilitate a more complete understanding of the molecular mechanisms of heterocyst differentiation.
In situ hybridization is a powerful technique that has been used for years in animal biology for the localization of specific DNA and RNA sequences within cells or tissue sections. Only recently was this method adapted for plant (12) Probes. The probes used were obtained from recombinant plasmids containing cloned fragments of Anabaena strain 7120 DNA. The nifK probe was pAn2O7.8, containing the 0.7-kb Hind!!! fragment (22) , the nifH probe was a 1.8-kb Hind!!! fragment of the plasmid pAnl54.3 (11), the rbcL probe was pAn6O2, and the rbcS probe was pAn6O6, as described previously (8).
Anaerobic inductions. For anaerobic induction experiments, Anabaena strain 7120 was initially grown in BG-11 (nitrogenrich) (24) . After the absence of heterocysts was ascertained via microscopic observation, cells were pelleted by centrifugation and inoculated into 500 ml of BG-11 (nitrogen-deficient) medium (24) . The culture was gassed with air-CO2 (99%:1%) and incubated for 24 h in the light on a shaker. 3,3,4-Dichlorophenyl dimethyl urea was added to a final concentration of 10-' M, after which the flask was flushed thoroughly with argon-CO2 (99%:1%). Anaerobiosis was maintained by capping the flask tightly, and the cells were harvested after 10 h (23). Subsamples were checked for nitrogenase activity by measuring acetylene reduction (18) . Once measurable acetylene reduction was observed, filaments were subjected to RNA isolation or in situ hybridization.
Heterocyst isolations and Northern blot hybridizations. The method of Jensen et al. (9) was used for heterocyst isolations. RNA isolated from heterocysts of A. pinnata cyanobionts, Anabaena strain 7120 grown on a medium deficient in combined nitrogen, and Anabaena strain 7120 filaments anaerobically induced for nitrogenase was used for Northern (RNA) blot analysis essentially as described previously (15) . However, the RNA was transferred to Nytran and baked in a vacuum oven at 65°C for 30 min. Hybridization was carried out using probes that were multi-prime labeled with [cx-32P]dCTP according to the manufacturer's specifications (Amersham Corp.). A NICK column (Pharmacia LKB Biotechnology, Piscataway, N.J.) was used to remove the unincorporated label.
RESULTS
The in situ hybridization procedure requires attachment of cells to polylysine-coated coverslips, fixation of cellular mRNA, permeabilization of the cells to allow entrance of 35S-labeled probes, and autoradiography to detect specific mRNAs. The most important parameter influencing the detection of mRNA within individual cyanobacterial cells was the length of fixation with 4% paraformaldehyde. A 5-min change in fixation time drastically altered detection of mRNA within cyanobacterial filaments ( Fig. 1; see Fig. 3 ). Initially, transcripts for the rbcL and rbcS genes, encoding the large and small subunits of RuBisCO, were localized in cyanobionts freshly isolated from A. pinnata (Fig. 1) . No label was detected within cyanobacterial cells in control hybridizations, using pBR322 without an insert as the probe (Fig. IA) . In addition, no label was detected with cyanobacterial cells treated with RNase, as described in Materials and Methods (data not shown). Fixation times of 0 min (Fig. 1B) or 5 min (Fig. IC) are presumed to be insufficient to preserve transcripts and resulted in failure to detect them with an rbcL probe. Cells fixed for 25 min or longer also contained no label (data not shown). With an optimal fixation time of 10 or 15 min (Fig. ID and E , respectively), RuBisCO-specific transcripts were clearly detected in both vegetative cells and heterocysts. Similar results were obtained with an rbcS specific probe (Fig. 1F to I ). At times it was difficult to distinguish heterocysts from vegetative cells when filaments were examined by light microscopy because of the exposed silver grains around and within the labeled cells. To conclusively distinguish heterocysts from vegetative cells, in some instances, a series of photographs of the same filament was taken with the focus changing from the silver grains to the filaments. An example of such a throughfocus series, examining an in situ hybridization of rbcS transcripts in an Anabaena strain 7120 filament, is shown in Fig. 2 . The labeling results forAnabaena strain 7120 are discussed in detail below.
Additional hybridizations were performed with a free-living cyanobacterial isolate originally obtained from A. caroliniana leaf cavities (14) . A 5-min fixation time was optimal for detection of transcripts in this organism, which is smaller than the A. pinnata cyanobiont. rbcLS transcripts were not detected in unfixed filaments (Fig. 3A and D) or in filaments fixed for 10 min (Fig. 3C and F) or longer. However, when fixed for 5 min, rbcL and rbcS transcripts were again detected within both heterocysts and vegetative cells ( Fig. 3B and E, respectively) .
To determine whether the expression of rbcLS transcripts in heterocysts was unique to cyanobacteria in or isolated from the J. BACTERIOL. symbiotic association, in situ hybridizations were performed using the free-living cyanobacterium Anabaena strain 7120. When cultured aerobically in a medium lacking combined nitrogen, Anabaena strain 7120 filaments contained vegetative cells and heterocysts. Hybridizations with either the rbcL or rbcS probe detected transcripts only within the vegetative cells of these filaments (Fig. 4A and B, respectively) . As expected, control hybridizations using a nifK gene probe detected dinitrogenase reductase transcripts within heterocysts, but not vegetative cells, of Anabaena strain 7120 (Fig. 4C) When the point of focus is changed from the exposed silver grain around the filament to individual cells in the filament, it is possible to clearly demonstrate the morphological difference between vegetative cells (v), which were labeled, and heterocysts (h), which were not labeled.
using the nifK probe detected transcripts only within heterocysts (Fig. 4D) , thereby demonstrating an absence of nonspecific labeling of the probe due to the envelope of the akinetes.
Anabaena strain 7120 was also grown anaerobically for nitrogenase induction (see Materials and Methods). Filaments grown under these conditions were devoid of heterocysts, and rbcL and rbcS transcripts were not detected within the vegetative cells (Fig. 4E and F, respectively) . In contrast, a nifK probe detected nif transcripts in all of the vegetative cells (Fig. 4G) . Similar results were obtained by Haselkorn et al. (8) using Northern blot analysis. Our work also demonstrates the presence of nif transcripts within every cell of the filament. Although this result would appear to be in conflict with those reported by Elhai and Wolk (3) , differences in growth conditions used to obtain an anaerobic environment make direct comparisons inappropriate.
To confirm the in situ hybridization results, Northern blot analyses were conducted using RNA from heterocysts isolated from A. pinnata cyanobionts or free-living Anabaena strain 7120, as well as intact filaments of anaerobically induced Anabaena strain 7120 (Fig. 5) . While the quality of RNA extracted from heterocysts was poorer than of RNA isolated from intact anaerobically growing filaments, transcripts were still detectable. Heterocyst RNA from cyanobionts of A. pinnata contained nifH transcripts approximately 4.9, 3.2, and 2.1 kb in size (Fig. 5, lane A) . These transcript sizes are comparable to those reported in an earlier study for the cyanobionts ofA. caroliniana (15) . In RNA from heterocysts of Anabaena strain 7120 (Fig. 5, lane D) , nijH transcripts approximately 4.8 kb in size and smaller were detected, which is similar to observations of Golden et al. (6) . In RNA isolated from intact filaments of anaerobically inducedAnabaena strain 7120, nifH transcripts 3.8 and 2.7 kb in size were detected (Fig.   5, lane F) , which corresponds to previous reports (8) . Northern blot analyses using rbcL and rbcS probes identified transcripts of approximately 3.1 kb in size using RNA isolated from heterocysts of the cyanobionts. Transcripts for rbcLS were not detected in heterocyst RNA fromAnabaena strain 7120 (Fig. 5 , lane E) or in RNA prepared from anaerobically induced Anabaena strain 7120 filaments (Fig. 5, lane G) . These results support those obtained by in situ hybridizations. Thus, the expression of rbcL and rbcS genes within heterocysts is different in the free-living cyanobacteria Anabaena strain 7120 versus symbiotic or symbiotically derived Newton's isolate. This suggests either the retention of certain regulatory patterns in symbiotically derived cyanobacteria or differences in expression of rbcLS genes in different free-living heterocystous cyanobacteria.
DISCUSSION
The in situ hybridization procedure that was developed allows for the detection of gene expression in single cells within cyanobacterial filaments. In addition, the method yielded both molecular and morphological data without disruption of filaments associated with fractionation procedures. Embedding and sectioning steps were unnecessary in conjunction with this procedure, and transcript localization was carried out within individual cyanobacterial cells composing filaments. It should be noted that while the in situ hybridization procedure allowed for the localization of transcripts in microscopically visible heterocysts, it did not allow for the distinction of heterocysts at different stages of development (i.e., proheterocysts or mature or old heterocysts).
In free-living cyanobacteria, it has been suggested that the level of RuBisCO is essentially invariant (26) . In addition, it has been postulated that there is a lack of transcriptional control over enzymes of carbon metabolism in cyanobacteria. In the Nostoc-Nephroma symbiosis, cyanobionts contained RuBisCO protein although they lacked the ability to fix CO2 in vivo (20) . Also, cyanobionts associated with cycads displayed no in vivo CO2 fixation (10) , although measurements of in vitro RuBisCO activity were similar to those of free-living isolates. Thus, there appears to be inefficient control of RuBisCO expression in these cyanobionts, which synthesize RuBisCO that is not being used to fix CO2. In contrast, there are precedents for regulation of RuBisCO expression at the translational and posttranslational levels in the symbiotic association between Nostoc and Anthoceros spp. (25) . Previously, we have demonstrated transcriptional regulation of the rbcLS genes in the cyanobionts of Azolla spp. (15) . Thus, inefficient transcriptional control of the rbcLS genes is unlikely to provide a complete explanation for the results obtained in the present study.
The presence of rbcL and rbcS transcripts in heterocysts of the cyanobionts of A. pinnata, A. caroliniana, and the symbiotically derived Newton's isolate was unexpected in light of previous studies reporting the absence of RuBisCO protein and activity in heterocysts of free-living and symbiotic cyanobacteria (2, 21, 27 ). While it is clear that transcripts are present in the heterocysts of these organisms, it is not yet known whether translation of these transcripts occurs. Immunolocalization of RuBisCO in symbiotic and symbiotically derived cyanobacteria will be conducted to determine this. If RuBisCO protein is detected within heterocysts, its function is unlikely to be CO2 fixation. In a unicellular cyanobacterium, RuBisCO has been shown to be essential for both photoautotrophic and photoheterotrophic growth (19) . In heterocysts of the cyanobionts, rbcLS expression may support an unknown dark function. However, the functional significance of RuBisCO in heterocysts remains to be elucidated.
